Supplementary Figure 1 | High-temperature annealing of BP flakes on SiO 2 . (a-d) The optical images of three BP flakes on a SiO 2 substrate before (a,b) and after annealing (c,d) at 350 C  for 8 hours in argon atmosphere. Supplementary Figure 3 | The process flow for fabrication of the BN-BP-BN heterostructure device. (a) Optical image of the BN-BP-BN heterostructure on SiO 2 . (b) Defined areas of the hard mask for etching of BN layers. (c) BP layers remain after etching, while BN layers are etched away. (d) The BN-BP-BN heterostructure after removing the ZEP mask. (e) Optical image of a fabricated BN-BP-BN heterostructure Hall-bar device.
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Supplementary Note 2

The process flow for making BN-BP-BN heterostructures
To obtain an ultraclean BN-BP interface, the polymer-free van der Waals transfer technique 3 is adopted to pick up BP flakes by BN. Detailed process for this transfer technique has been reported in Ref. 3 . Therefore, we demonstrate here the processes after assembling and transferring BN-BP-BN heterostructures onto SiO 2 /Si substrates as shown in Supplementary   Figure 3a .
To make a hard mask, 600 nm e-beam resist ZEP layers are prepared and then standard ebeam lithography is used to pattern the ZEP layers as shown in Supplementary Figure 3b . The Supplementary Figure 3d show the etched areas for electrode deposition after removing the hard mask. Supplementary Figure 3e shows the optical image of a Hall-bar device in BN-BP-BN configurations.
Supplementary Note 3
Angle-dependent polarized Raman spectroscopy of BP
The crystallographic orientation of BP is identified by the angle-dependent polarized Raman spectroscopy as shown in Supplementary Figure 4 . Three pronounced peaks A g 1 (365cm -1 ), B 2g (437cm -1 ) and A g 2 (465cm -1 ) are clearly detected, which are consistent with previous results 4 .
The X-(fast) and Y-directions (slow) of BP can be characterized by analyzing the amplitude of A g 1 peak, which reaches minimum in the X-direction and maximum in the Y-direction 4 (see the inset of Supplementary Figure 4) . The transport-direction of the Sample A is along the Xdirection and that of Sample B is ~20 degree deviation from the X-direction.
Supplementary Note 4
Annealing effect on the mobility of sandwiched BP devices
We performed further experiments on the annealing effects for the BN-BP-BN heterostructure.
First, Sample D (~12nm) is fabricated without any annealing treatment, which shows a FET mobility ~365 cm 2 V -1 s -1 at 300 K and ~1050 cm 2 V -1 s -1 at 1.7 K as shown in Supplementary   Figure 5 . Then, we annealed this sample in argon atmosphere at 280 o C for 3h to avoid degradation of the metal electrode contacts. After annealing, the mobility increases to ~530 cm 2 V -1 s -1 at room temperature and ~1400 cm 2 V -1 s -1 at 1.7K. Hence, the mobility of BP can be improved by annealing when measured at room and cryogenic temperatures.
Supplementary Note 5
Determination of carrier densities
The Figure 9b ).
